We examined the published data for the binding affinity of typical ligands to the α-subtype of the human estrogen receptor with use of an approximate molecular orbital method applicable to interacting molecular clusters. An ab initio procedure for "molecular fragments" proposed recently to deal with such macromolecules as proteins was applied to the molecular orbital calculations. The receptor protein was primarily modeled using 50 amino acid residues surrounding the ligand. For a few ligand-receptor complexes, the binding energy was also calculated with use of 241 amino acid residues contained in the entire binding domain. No significant difference was found in the calculated binding energy between the complex modeled with ligand-surrounding 50 amino acids and that with residues of the entire domain. The calculated binding energy was correlated very well with the published relative binding affinity for typical ligands.
INTRODUCTION
The effect of estrogenic ligands is induced by their binding to the estrogen receptors (ERs) [1] [2] [3] . Since a variety of unknown compounds could bind to the ligand-binding domain (LBD) of the ER and exert hormone-like effects on human and wildlife health, the ER is an important research target for the development of therapeutic agents [3, 4] as well as the screening of endocrine disruptors [5] . A number of experimental and theoretical efforts have been carried out for the mechanism of the interaction of ligands with the ER LBD. Most of the theoretical works, however, have stood on empirical force field approximations [6] [7] [8] . Although they are suited for calculating macromolecules in terms of the computational time, empirical approaches may not be accurate enough theoretically. Hoping to establish a time-saving and versatile computational procedure for biomacromolecules, we recently proposed the fragment molecular orbital (FMO) method [9] . Here, we report the result of our FMO study for the interaction of ligands with the α-subtype of ER carried out to elucidate its submolecular mechanism theoretically and accurately. In the FMO method [9] , a single molecule or a molecular cluster (a group of molecules interacting to each other noncovalently) is dealt with after being divided into fragments to which electron pairs are assigned according to certain rules. The molecular orbitals (MOs) for fragments and fragment pairs (combinations of two fragments) are calculated under conditions under which the orbitals are forced to localize as the closed shell within the corresponding region. For fragments to which no electron pair is allocated from the bond when detached in the fragmentation, the MO is built from usual atomic basis functions of the constituent atoms according to the conventional linear combination of atomic orbitals to yield molecular orbitals (LCAO-MO) framework. For fragments in which bonding electron pair is left, the atomic valence basis function of the partner atom, with which the fragment is connected originally, is used additionally in the LCAO-MO model. The initial calculation for each fragment MO yields the initial electron density distribution.
The Hamiltonian for each fragment is composed to include the terms for the electrostatic potential governed by electrons in the surrounding fragments and all nuclei in the molecule. Since the electrostatic potential of each fragment depends on the electron distribution of surrounding fragments, the electron density distribution of each fragment is calculated first using the initial electron distribution calculated in a manner described above. A set of "Schrödinger" equations for every fragment with the initial electron density is solved iteratively until the electron density distribution for all fragments converges self-consistently. Likewise, the Hamiltonian of each fragment pair has the terms for the potential arising from electrons in the surrounding fragments and the terms from every nuclear charge in the molecule. The set of equations for fragment pairs is solved using the electrostatic potential from the converged electron density distribution of the surrounding fragments. The potential energy of fragments and fragment pairs at the HF/STO-3G level is calculated to estimate the energy of the total system. The ligand molecules examined here are shown in Fig. 1 . The coordinates of heavy atoms in the ER complex of EST, RAL, DES, and OHT were fixed as being equivalent to those of the PDB files, entries 3ERE, 1ERR, 3ERD, and 3ERT, of the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB), respectively [10] [11] [12] . For ligands such as ESTA, GEN, TAM, BISA, BISF, CLO, and OHC, the PDB files for the ERα complex are not available. Thus, the binding geometry of the first two ligands was approximated first by superimposing the "phenoxy" substructure of the phenol moiety on that of EST in the 3ERE, while that of the others was by superimposing their "phenoxy" substructure or corresponding phenyl group on that of OHT in the 3ERT file. Then, the geometry of GEN was approximated by that in the ERβ-GEN complex taken from the PDB 1QKM file. TAM, CLO, and OHC were modeled with the Insight II system [13] based on the geometry of OHT, and the others were optimized using the HF/6-31G(d) method. The geometry of hydrogen atoms was modeled with the Insight II system [13] and the CHARMm force field calculations [14] .
Hydrogen bonds, occurring between the ligand and surrounding residues directly as well as through the mediation of a single water molecule, have been shown to stabilize the ER ligand binding [15] . In this study, the most stable geometry of the hydrogen bond network was calculated at the HF/6-31G(d) level [16] with use of a model molecular cluster consisting of such hydrogen-bonding residues in the LBD as Glu 353, Leu 387, Arg 394, and His 524, each of the ligands and the single water molecule (Model 3).
The entire LBD of the receptor protein containing 241 amino acid residues (Model 1) was used for the calculation only for some ligands. The binding domain was, however, primarily modeled with use of 50 amino acid residues "directly" surrounding the ligand (Model 2) as displayed in Fig. 2 . To make the fragmentation of the receptor protein, the peptide chain was divided at the Cα atom into blocks of every two residues in a manner as shown in Fig. 3 . The ligand as well as the hydrogen-bonding water molecule was treated as a single fragment.
All the FMO calculations were carried out with an FMO program package, ABINIT-MP [17] , mostly on dual Pentium III 1-GHz clusters equipped with 32 processor units. The time required for cal- culating entire ERα LBD containing 241 residues with ca. 4000 atoms was about 14 h. The accuracy of the FMO method has been examined using crambin, a protein series with 46 residues [9] . The ab initio total energy values calculated at the HF/STO-3G level for [Pro 22 , Leu 25 ]crambin with and without the FMO approximation are -17779.5030 and -17779.5024 a.u., respectively, corresponding to a difference below 0.5 kcal/mol. The computational time is "drastically" reduced with the FMO procedure compared to that without the FMO approximation.
RESULTS AND DISCUSSION
The energy of each of the three systems, i.e., the receptor, E receptor , ligand E ligand , and the ER ligand complex, E complex , can be calculated from the sum of energy values of fragments and the counterpart for fragment pairs within each system under certain conditions [9] . In the calculation of the E receptor value, the hydrogen-bonding water molecule was included as a fragment along with "dipeptide" fragments. The binding energy for a given ligand (∆E ligand ) can be expressed in eq. 1 as the difference in the energy between complex and components.
The binding energy relative to that of 17β-estradiol (EST), ∆∆E ligand , in eq. 2 is the value to be compared with the experimental relative binding affinity (RBA) value. The RBA value of 17β-estradiol is defined as 100.
The ∆∆E ligand values estimated using Model 2 are plotted against the published values of log (RBA/100) in Fig. 4 . The ligands 1-6, 9, and 10, of which the experimental RBA value is known, are shown as a circle in Fig. 4 . For these 8 compounds, the correlation between ∆∆E and log (RBA/100) seems to be promising, the correlation coefficient r being 0.837. In particular, there is a very good correlation (r = 0.931) for the 7 ligands omitting TAM (6) . From the correlation equation (n = 8), the log (RBA/100) value of ligands 7, 8, and 11, of which the RBA value is unknown, can be estimated with use of the calculated ∆∆E value. These 3 compounds are shown as a square in the plot.
The ∆∆E value was also calculated according to Model 1 for the complex of ligands 1~4. The result was almost identical with that calculated with Model 2. The difference in the ∆∆E value between two models was mostly below 3 kcal/mol, suggesting that the binding between ER and ligand is local. Another interesting finding was a difference in the charge distribution between complexed and individual component molecules. The total charge of ligands was changed to be negative with the values -0.00~ -0.18 when complexed with ER. The greatest negative charge influx occurs from Glu 353 to ligands, and a slight efflux is observed into Arg 394 and His 524. Such charge transfer is highly related with the binding energy. In fact, the ∆E tends to be greater with the increase in the difference of the charge distribution. Thus, most of the stabilization in the ER-ligand docking arises from the ligand-Glu 353 interaction. This observation seems to indicate that the charge is variable in the ER-ligand interaction, and therefore atomic charges should be calculated dynamically instead of using fixed charges as in classical calculations. To summarize, we have applied the ab initio FMO method to ER ligand binding which allows us to accurately predict the relative binding energy of xenoestrogenic ligand molecules from a "single" energy calculation. Given a variety of compounds, some of which could bind to the ER, such methods as we have proposed may provide a powerful tool for assessing the affinity of putative xenoestrogens in silico prior to biological studies. For further improvements, it is necessary to optimize not only the hydrogen bond, but also the geometry of the ligand and surrounding residues to estimate possible effects, in particular, those according to induced-fit in the ER ligand binding. Such functions are under development in our group.
